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Clinical PerspectiveWhat Is New?In addition to priming peripheral innate immunity, cerebral ischemia induces reactive inflammatory changes within the lung.Enhanced expression of superoxide dismutase 3 within the lung reverses both systemic and lung inflammatory markers.Superoxide dismutase 3 produced and shed by the lung reduces cerebrovascular injury and behavioral deficits associated with transient global ischemia.What Are the Clinical Implications?These findings implicate lung‐neurovascular coupling as a critical component in the pathological response to acute cerebral ischemia.Given its position in the cardiovascular system and importance in postischemic systemic immune priming, these studies also frame the lung as a tractable target for therapeutic intervention after acute ischemic stroke and cardiac arrest.

Introduction {#jah34074-sec-0008}
============

Acute central nervous system ischemia triggers the release of damage‐associated molecular patterns, initiating a cascade of inflammatory responses in the periphery, including the activation and recruitment of polymorphonuclear neutrophils (PMNs) into postischemic tissues. Peripheral innate immune priming has been implicated in a range of other noninfectious models of acute organ injury involving the kidney, lung, and liver. And while global PMN activation correlates with poor outcomes after stroke and cardiac arrest,[1](#jah34074-bib-0001){ref-type="ref"}, [2](#jah34074-bib-0002){ref-type="ref"}, [3](#jah34074-bib-0003){ref-type="ref"} therapeutic trials targeting innate immune responses following stroke or cardiac arrest have been unsuccessful.[4](#jah34074-bib-0004){ref-type="ref"}, [5](#jah34074-bib-0005){ref-type="ref"}, [6](#jah34074-bib-0006){ref-type="ref"}

The association between brain ischemia and reactive lung inflammation has been described recently.[7](#jah34074-bib-0007){ref-type="ref"}, [8](#jah34074-bib-0008){ref-type="ref"}, [9](#jah34074-bib-0009){ref-type="ref"} In addition to being the primary vascular bed receiving systemic lymphatic return, the lung filters blood at a rate of 5 L/min, making contact with 10^9^/L leukocytes on average.[10](#jah34074-bib-0010){ref-type="ref"} Consequently, the lung is well positioned to moderate systemic innate immune responses by either removing primed immune cells from circulation[11](#jah34074-bib-0011){ref-type="ref"} or influencing their activation. PMNs migrate from remote sites of tissue damage to the lung, where they provoke pulmonary edema and inflammation.[12](#jah34074-bib-0012){ref-type="ref"} Summers and colleagues[13](#jah34074-bib-0013){ref-type="ref"} studied transpulmonary leukocyte migration and found that exogenously primed PMNs were preferentially retained in the lung relative to unprimed PMNs. Importantly, PMN priming has been shown to be reversible,[14](#jah34074-bib-0014){ref-type="ref"} and under conditions of low‐grade systemic inflammation, the pulmonary endothelium appears to play a role.[15](#jah34074-bib-0015){ref-type="ref"} To this point, Nahum et al[16](#jah34074-bib-0016){ref-type="ref"} compared PMN H~2~O~2~ production between venous and arterial blood and found patients with increased arterial production with acute respiratory distress syndrome compared with control subjects. Thus, beyond its role in moderating gas exchange, these data suggest that the lung may moderate systemic inflammatory responses to tissue ischemia and secondary injury during reperfusion.

Extracellular superoxide dismutase 3 (SOD3) expressed primarily in the lung and kidney is the major antioxidant within the vascular extracellular space and is essential for survival in the presence of ambient oxygen.[17](#jah34074-bib-0017){ref-type="ref"}, [18](#jah34074-bib-0018){ref-type="ref"} Global expression of SOD3 under the ubiquitous *Actb* promoter protects the brain against both hypoxic and hyperoxic stress.[19](#jah34074-bib-0019){ref-type="ref"}, [20](#jah34074-bib-0020){ref-type="ref"} However, selective expression of human SOD3 (hSOD3) in type II alveolar epithelial cells is alone sufficient to protect mice from normobaric, hyperoxic lung through both redox and immune‐mediated mechanisms.[21](#jah34074-bib-0021){ref-type="ref"}, [22](#jah34074-bib-0022){ref-type="ref"} Given these observations, we asked whether the focal manipulation of lung inflammation through the enforced expression of hSOD3 would likewise reduce both postischemic peripheral immune priming and neurovascular injury.[3](#jah34074-bib-0003){ref-type="ref"}

Materials and Methods {#jah34074-sec-0009}
=====================

Global Cerebral Ischemia Model {#jah34074-sec-0010}
------------------------------

The data that support the findings of this study are available from the corresponding author upon reasonable request. This article adheres to the AHA\'s implementation of the Transparency and Openness Promotion Guidelines. All experimental protocols were approved by the University of Rochester Committee on Animal Resources. hSOD3 was expressed under the surfactant protein‐C promoter as described.[22](#jah34074-bib-0022){ref-type="ref"} Six‐ to 8‐week‐old wild‐type (WT) and transgenic superoxide dismutase 3 (TgSOD3) C57BL/6 male mice (25--30 g) were numbered and randomized by the QuickCalcs subjects randomizer (GraphPad, La Jolla, CA) into sham and 3‐vessel occlusion (3VO) groups (Figure [1](#jah34074-fig-0001){ref-type="fig"}A). On day --10, all mice underwent basilar artery occlusion.[23](#jah34074-bib-0023){ref-type="ref"} Surgical anesthesia was induced using a single intraperitoneal dose of ketamine/xylazine (100 mg/kg, 10 mg/kg). On day 0, the 3VO group underwent transient bilateral common carotid artery occlusion (15 minutes), with controls undergoing neck dissection without occlusion. Mice were excluded if cerebral blood flow by laser Doppler flowmetry (Perimed, Ardmore, PA) did not fall below 75% of control values during bilateral common carotid artery occlusion (Figure [1](#jah34074-fig-0001){ref-type="fig"}B). Daily weights and rectal temperatures were recorded (Figure [1](#jah34074-fig-0001){ref-type="fig"}C and [1](#jah34074-fig-0001){ref-type="fig"}D). WT and TgSOD3 group sizes after Doppler exclusion were as follows: sham (n=4) and 3VO (n=7). Sample size calculations were based on mean differences in neurological function score between 3VO‐treated WT (9.3±1.2) and TgSOD3 mice (11.6±0.9) observed in our pilot work (n=3 for α=0.05/power=0.8). Additional animals were allocated to each arm to account for possible mortality, though no animals died before the conclusion of the experiment, and all were used in data analyses. The data presented represent the results of a single trial.

![Study design and physiological parameters. **A**, Adult male WT and TgSOD3 mice were randomly assigned to sham and 3‐vessel occlusion (3VO) treatment groups. Ten days following permanent basilar artery (BA) occlusion, animals underwent either sham surgery or bilateral common carotid artery (CCA) occlusion for 15 minutes. Animals were euthanized after 3 days. **B**, During CCA occlusion, cerebral blood flow (CBF) fell below 25% of pretreatment values with no difference between WT and TgSOD3 mice (n=7; unpaired 2‐tailed t test: *P*=0.29). **C**, Changes in weight caused by surgical manipulation. **D**, Changes in core temperature caused by surgical manipulation. Values represent means±SD (n=4--7). Repeated measures ANOVA with the Holm‐Sidak post hoc test: \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001 compared with pre--basilar artery occlusion (BAO) values. BCCAO indicates bilateral common carotid artery occlusion; TgSOD3, transgenic superoxide dismutase 3; WT, wild type.](JAH3-8-e011801-g001){#jah34074-fig-0001}

Analyses of Neurological Function {#jah34074-sec-0011}
---------------------------------

Global neurological function was assessed using a composite scoring system used to assess mice after global brain ischemia‐reperfusion (Table [S1](#jah34074-sup-0001){ref-type="supplementary-material"}). Domains assessed include level of consciousness, spontaneous movement, gait, touch escape response, corneal reflex, and respiration.[9](#jah34074-bib-0009){ref-type="ref"} Assessments were performed on days --10 (before basilar artery occlusion), 0 (before bilateral common carotid artery occlusion/sham), 1, and 3. Investigators involved in the behavioral assessments were blinded to group allocation during both data collection and analysis.

Immunohistochemistry and Image Analyses {#jah34074-sec-0012}
---------------------------------------

Following intracardiac perfusion and inflation fixation of the lungs, tissues were removed, postfixed in 4% paraformaldehyde (Sigma‐Aldrich, St Louis, MO), cut into 25‐μm sections using a Leica SM2010R microtome (Leica Biosystems, Buffalo Grove, IL), and stored at 4°C in cryoprotectant. Sections were washed with phosphate‐buffered saline and blocked in 10% goat serum for 1 hour at 20°C prior to immunohistochemical staining using antibodies as listed in Table [S2](#jah34074-sup-0001){ref-type="supplementary-material"}. Investigators were blinded to sample assignments by using an alphanumeric coding strategy. Sections were imaged using an OptiGrid Structured‐Light Imaging System (Qioptiq, Fairport, NY). Cortical Ly‐6B(+) PMN counts and percent injury calculations based on regional loss of microtubule‐associated protein 2 staining were calculated from images taken at ×10 magnification from 5 to 8 matched, noncontiguous coronal sections spanning +1.70 to −2.92 mm from bregma. Iba1 upregulation, platelet endothelial cell adhesion molecule upregulation, and immunoglobulin G leakage were measured by mean gray values (fluorescence intensity) from 4 random cortical sections imaged at ×20 magnification per mouse. Immunoglobulin G intensity was normalized to platelet endothelial cell adhesion molecule (+) vessel length. Lung PMN infiltration was estimated by measurement of Ly‐6B mean gray value in 10 random sections, and cellularity was measured by counting Hoechst‐labeled nuclei in 5 compressed *Z*‐stack images per animal. Alveolar wall thickness was measured as the smallest orthogonal distance between 2 adjacent alveoli. Images for lung quantifications were acquired at ×40 magnification. Images were acquired using identical settings and values to minimize variability and analyzed using ImageJ (<http://rsb.info.nih.gov/ij/>). Micrographs were pseudocolored after analyses for consistency.

Analyses of SOD3 Expression in Arterial and Venous Blood {#jah34074-sec-0013}
--------------------------------------------------------

Western blotting was performed on brain, lung, spleen, kidney, and liver homogenates as well as arterial (aorta) and venous (retro‐orbital sinus), and the cell fraction from these blood samples were lysed in radioimmunoprecipitation assay buffer. Blots were probed with antibodies as indicated in Table [S2](#jah34074-sup-0001){ref-type="supplementary-material"} and imaged using the Azure c600 (Azure Biosystems, Dublin, CA). The data presented represent the results of a single trial.

Flow Cytometry and Complete Blood Counts {#jah34074-sec-0014}
----------------------------------------

Analyses were performed on retro‐orbital blood collected at 2 hours after experimental treatment. Whole blood was washed and incubated with red cell lysis buffer (Biolegend, San Diego, CA) for 5 minutes at 4°C. White blood cells were stained with fluorescein isothiocyanate--labeled anti‐Ly‐6G (1 μg/mL; 30 minutes, 4°C) and Alexa Fluor 647‐labeled anti‐CD11b antibodies (0.8 μg/mL) (BioLegend). Cells were later fixed in 2% paraformaldehyde for 30 minutes, and fluorescence was measured using a BD FACSCanto II Flow Cytometer (BD Biosciences, San Jose, CA). Data were collected from 10 000 events, and PMNs were identified on the basis of scatter and expression of Ly‐6G (clone 1A8) and CD11b. In a separate cohort, retro‐orbital blood was collected 6 hours after experimental treatment for complete blood count using a Vetscan HM5 blood analyzer (Abaxis, Union City, CA). The data presented represent the results of a single trial.

Statistical Analyses {#jah34074-sec-0015}
--------------------

Statistical analyses were performed using Prism 6 (GraphPad, La Jolla, CA). Data are expressed as the average±standard deviation. Data sets from all experiments were assessed for normality with the Shapiro--Wilk test (Table [S3](#jah34074-sup-0001){ref-type="supplementary-material"}). Physiological parameters and neurological function score were analyzed by repeated measures ANOVA with the Holm‐Sidak post hoc test. Cortical injury, cortical PMN infiltration, platelet endothelial cell adhesion molecule expression, immunoglobulin G leakage, lung PMN infiltration, lung cellularity, and alveolar wall thickness were analyzed by 2‐way ANOVA (treatment group versus genotype) with the Holm‐Sidak post hoc test. Data sets with a nonnormal distribution (lung PMN infiltration and alveolar wall thickness) were analyzed by 2‐way ANOVA with the Holm‐Sidak post hoc test following natural log transformation. Results of the back‐transformed data are presented in text, with histograms (Figure [2](#jah34074-fig-0002){ref-type="fig"}) showing raw data points and back‐transformed means with associated 95% confidence intervals. Cerebral blood flow changes between WT and TgSOD3 mice were analyzed using an unpaired 2‐tailed t test. For flow cytometry experiments, geometric mean fluorescence intensities (MFI) were calculated using FlowJo analysis software (TreeStar, Ashland, OR). Comparisons were made using 2‐way ANOVA (vascular source versus genotype) and the Holm‐Sidak post hoc test for analyses of densitometric data from human and mouse SOD3 Western blots. *P*\<0.05 were considered significant.

![Targeted expression of hSOD3 protects against ischemia‐induced acute lung injury. **A**, Western blot showing basal expression of hSOD3 and mouse SOD3 in somatic tissues isolated from wild‐type (WT) and TgSOD3 mice. **B**, Lung immunohistochemical demonstrating the effects of 3‐vessel occlusion (3VO) on Ly‐6B(+) PMN infiltration (green) and overall cellularity (Hoechst‐labeled nuclei, blue). Scale bar=50 μm. **C** and **D**, Quantification of PMN accumulation (Ly‐6B fluorescence) and alveolar wall thickness in the lung. Raw data points are presented with histograms showing back‐transformed means (n=4--7). Error bars span 95% confidence intervals. 2‐way ANOVA with the Holm‐Sidak post hoc test of natural log‐transformed data: Values represent means±SD (n=4--7). \*\**P*\<0.01, \*\*\**P*\<0.001 between sham and 3VO; ^\#^ *P*\<0.05 between WT and TgSOD3. hSOD3 indicates human superoxide dismutase 3; PMN, polymorphonuclear neutrophil; SOD3, superoxide dismutase 3; TgSOD3, transgenic superoxide dismutase 3.](JAH3-8-e011801-g002){#jah34074-fig-0002}

Results {#jah34074-sec-0016}
=======

Global Cerebral Ischemia induces Lung Inflammation and Edema {#jah34074-sec-0017}
------------------------------------------------------------

Acute brain injury induces inflammation and edema within the lung.[8](#jah34074-bib-0008){ref-type="ref"} The extent to which transient global ischemia induces acute lung injury and, consequently, how acute lung injury influences cerebral ischemia‐reperfusion injury remains unexplored. Here, we asked whether targeted expression of hSOD3 within type II pneumocytes would protect mice against global cerebral ischemia (Figure [1](#jah34074-fig-0001){ref-type="fig"}A). We confirmed the expected reduction in cerebral blood flow after the 3VO procedure using laser Doppler flowmetry and confirmed equivalency between genotypes (WT, 13.3±3.9% versus TgSOD3, 16.4±6.2%; *P*=0.29) ruling out potential confounding effects of SOD3 expression (Figure [1](#jah34074-fig-0001){ref-type="fig"}B). Relative to sham controls, the 3VO procedure caused progressive weight loss from day --10 to day 3 in both WT (−2.9±1.0 g, *P*\<0.0001) and TgSOD3 mice (−2.3±0.8 g; *P*=0.0001) (Figure [1](#jah34074-fig-0001){ref-type="fig"}C). Despite minor fluctuations, core body temperature remained between 36°C and 38°C in both the 3VO and sham groups (Figure [1](#jah34074-fig-0001){ref-type="fig"}D).

Western analyses confirmed that the surfactant protein‐C promoter confined human SOD3 expression to the lung while endogenous mouse SOD3 was detected in both the lung and kidney (Figure [2](#jah34074-fig-0002){ref-type="fig"}A). Notably, neither human nor mouse SOD3 were expressed to any appreciable degree in whole brain lysates. We next tested whether transient global ischemia induced acute lung injury and whether TgSOD3 expression within the lung reversed this phenotype. Results show that the 3VO procedure induced a robust inflammatory response in the WT lung characterized by the accumulation of Ly‐6B(+) PMNs (63.1 \[95% CI, 53.5--74.3\] versus sham, 36.2 \[95% CI, 27.8--47.0\]; *P*=0.0019), increased cellularity of the lung parenchyma (9.9×10^5^±2.3×10^5^ nuclei/cm^2^ versus sham, 7.2×10^5^±0.5×10^5^ nuclei/cm^2^; *P*=0.047), and edema within the alveolar wall (9.5 μm \[95% CI, 8.7--10.3 μm\] versus Sham, 5.5 μm \[95% CI, 4.7--6.5 μm\]; *P*=0.0002). Conversely, lung tissue from TgSOD3 mice was resistant to 3VO‐induced septal thickening (7.3 μm \[95% CI, 6.4--8.5 μm\] versus sham, 6.6 μm \[95% CI, 5.7--7.5 μm\]; *P*=0.28) and remained less congested compared with WT lungs (*P*=0.026) (Figure [2](#jah34074-fig-0002){ref-type="fig"}B and [2](#jah34074-fig-0002){ref-type="fig"}D). These results indicate that global cerebral ischemia induces lung injury and inflammation, which can be attenuated by targeted expression of SOD3 within the lung.

Targeted Expression of hSOD3 in the Lung Limits Peripheral PMN Activation {#jah34074-sec-0018}
-------------------------------------------------------------------------

We next investigated whether targeted hSOD3 within the lungs of TgSOD3 mice would influence postischemic peripheral neutrophil activation. Complete blood counts in WT and TgSOD3 mice 6 hours following sham and 3VO conditions revealed no significant changes with respect to either genotype or surgical intervention (Figure [3](#jah34074-fig-0003){ref-type="fig"}A). Flow cytometric analyses performed on the WT background revealed increased CD11b expression on circulating Ly‐6G^hi^/CD11b^hi^ PMNs 2 hours after 3VO (MFI^sham^: 16 684 versus MFI^3VO^: 25 826). Conversely, CD11b expression on PMNs from TgSOD3 mice remained stable (MFI^sham^: 15,044 versus MFI^3VO^: 14,928) (Figure [3](#jah34074-fig-0003){ref-type="fig"}B). These indicate that transient global ischemia is sufficient to induce peripheral PMN activation without increasing the circulating PMN pool, and targeted SOD3 in the lung blocks this response.

![Lung SOD3 reduces neutrophil priming after transient global ischemia. **A**, Complete blood counts including white blood cell (WBC), lymphocyte (lympho), monocyte (Mono), neutrophil (PMN) and platelet counts from WT and TgSOD3 mice 6 hours following the sham and 3‐vessel occlusion (3VO) procedures. Values represent the mean±SD (n=2--6) for 2‐way ANOVA with the Holm‐Sidak post hoc test. **B**, Gating strategy used to identify CD11b expression levels on Ly‐6G neutrophils isolated from the peripheral circulation and mean fluorescence intensity (MFI) results. Surface CD11b levels on Ly‐6G^hi^/CD11b^hi^ neutrophils were measured 2 hours following either sham or 3VO procedures, which show the depriming effects of SOD3 on ischemia‐exposed PMNs. PMN indicates polymorphonuclear neutrophil; SOD3, superoxide dismutase 3; TgSOD3, transgenic superoxide dismutase 3.](JAH3-8-e011801-g003){#jah34074-fig-0003}

Lung SOD3 Prevents Functional Decline and Neurovascular Damage {#jah34074-sec-0019}
--------------------------------------------------------------

Using a multiparametric assessment of neurological function, we found that the 3VO procedure induced functional decline in WT mice (9.3±1.2 versus sham, 12.0±0.0; *P*=0.0006), while TgSOD3 mice were protected against this stress (3VO, 11.6±1.0 versus sham, 12.0±0.0; *P*=0.90) (Figure [4](#jah34074-fig-0004){ref-type="fig"}). Using loss of microtubule‐associated protein 2 signal and PMN infiltration as surrogates for parenchymal damage, we performed immunohistochemical to correlate these behavioral changes with neuronal injury. Quantitative immunohistochemical analyses measured on day 3 confirmed a net increase in the extent of 3VO‐induced damage in WT mice (28.2±11.3% versus sham, 8.6±2.0%; *P*=0.009). While there was a trend toward reduced injury, the effect in TgSOD3 mice did not reach significance (3VO, 21.3±8.9% versus sham, 8.7±1.7%; *P*=0.10). Similarly, comparisons between 3VO and sham groups by 2‐way ANOVA revealed a significant treatment effect on cortical PMN infiltration \[*F*(1,18)=9.045; *P*=0.008\], genotype differences were not observed.

![Histologic and functional effects of global cerebral ischemia in wild‐type (WT) and TgSOD3 mice. **A**, Immunohistochemical staining of coronal brain sections demonstrate the effects of 3VO on tissue injury, quantified by loss of microtubule‐associated protein 2 staining (red), and Ly‐6B(+) PMNs (green) transmigration into the cerebral cortex. **B**, Quantification of the extent of 3VO‐induced cortical injury graphed as % increase in damaged cortex in post‐ischemic relative to sham tissue. **C**, Changes in neurological function score 3 days after treatment. Scale bar=50 μm. Values represent means±SD (n=4--7). Two‐way ANOVA with the Holm‐Sidak post hoc test: \*\**P*\<0.01, \*\*\**P*\<0.001 between sham and 3VO; ^\#\#\#^ *P*\<0.001 between WT and TgSOD3. 3VO indicates 3‐vessel occlusion; PMN, polymorphonuclear neutrophil; TgSOD3, transgenic superoxide dismutase 3.](JAH3-8-e011801-g004){#jah34074-fig-0004}

Lung SOD3 is Shed to the Systemic Circulation {#jah34074-sec-0020}
---------------------------------------------

We next asked whether SOD3 expression could impart cerebrovascular protection in the face of ischemia‐reperfusion injury. Immunohistochemical analyses revealed that, while 3VO‐induced ischemia did not alter the expression of platelet endothelial cell adhesion molecule‐1 in cortical vessels (data not shown), it triggered blood‐brain barrier permeability in WT mice (7.5±4.8 versus sham, 1.8±0.4; *P*=0.033) reflected by the extravasation of serum immunoglobulin G from the vessel lumen into the parenchyma (Figure [5](#jah34074-fig-0005){ref-type="fig"}A and [5](#jah34074-fig-0005){ref-type="fig"}B). Notably, SOD3 conferred protection against ischemia‐induced blood‐brain barrier leak within (Tg/3VO 3.0±0.6 versus Tg/sham 2.2±0.7; *P*=0.88) and between genotypes (WT/3VO versus Tg/3VO; *P*=0.045). While SOD3‐dependent neurovascular protection could reflect reduced systemic innate immune activation, we asked whether free SOD3 released from the lung might have direct effects on the distal vasculature. Western analyses on whole blood revealed that the majority of SOD3 was localized to the cell‐free fraction of arterial specimens in both TgSOD3 (2.3±0.7 versus 0.1±0.0; *P*=0.001) and WT mice (1.6±1.0 versus 0.1±0.0; *P*=0.002). Analyses of the cellular fraction from whole blood (WBC+RBC) revealed similar enrichment of both human \[*F*(1,8)=8.761; *P*=0.018\] and murine \[*F*(1,8)=44.98; *P*=0.0002\] SOD3 in arterial samples. These results suggest that SOD3 produced by the lung could moderate cerebral reperfusion injury by reducing leukocyte activation during transit and by directly stabilizing the distal cerebral arterial endothelium.

![Arterial SOD3 shed from the lung protects against ischemia‐induced blood‐brain barrier damage. **A**, Micrographs showing PECAM‐1(+) vascular endothelial cells (red) and perivascular IgG deposits (blue). Scale bar=50 μm. **B**, Quantification of immunoglobulin G leakage per vessel length (n=4--7). \**P*\<0.05 between sham and 3VO; ^\#^ *P*\<0.05 between WT and TgSOD3. **C** and **D**, Localization of SOD3 in circulation. Westerns of hSOD3 and mouse SOD3 levels in arterial vs venous samples and localization within whole blood vs cellular components (WBC+RBC) isolated from naive WT and TgSOD3 mice. Protein levels were normalized to β‐actin. Values represent means±SD (n=3). Two‐way ANOVA with Holm‐Sidak post hoc test: \**P*\<0.05, \*\*\**P*\<0.001 between arterial and venous; ^\#\#^ *P*\<0.01 between WT and TgSOD3. hSOD3 indicates human superoxide dismutase 3; mSOD3, mouse superoxide dismutase 3; OD=optical density; PECAM‐1, platelet endothelial cell adhesion molecule; RBC, red blood cell; SOD3, superoxide dismutase 3; TgSOD3, transgenic superoxide dismutase 3; WBC, white blood cell; WT, wild type.](JAH3-8-e011801-g005){#jah34074-fig-0005}

Discussion {#jah34074-sec-0021}
==========

Global overexpression of SOD3 driven by the ubiquitous *Actb* promoter protects against both hypoxic and hyperoxic brain injury.[19](#jah34074-bib-0019){ref-type="ref"}, [20](#jah34074-bib-0020){ref-type="ref"} However, this model does not accurately reflect the nuanced in vivo pattern of SOD3 expression. In the mouse, *Sod3* mRNA is expressed predominantly in the adrenal gland, kidney, and within type II pneumocytes.[24](#jah34074-bib-0024){ref-type="ref"} Focal expression of SOD3 in the lung protects against hyperoxia‐induced bronchopulmonary dysplasia as well as bleomycin‐induced pulmonary fibrosis.[25](#jah34074-bib-0025){ref-type="ref"}, [26](#jah34074-bib-0026){ref-type="ref"} Conversely, knocking out SOD3 worsens lung injury in the bleomycin model.[27](#jah34074-bib-0027){ref-type="ref"} Given these findings, we considered whether focal expression of SOD3 in the lung could exert distal, protective effects in the brain. In addition to reducing reactive inflammation in the lung, enhancing SOD3 expression within the lung reduce systemic PMN priming, blood‐brain barrier damage, and behavioral changes associated with global cerebral ischemia‐reperfusion injury. Our results indicate that endogenous SOD3 may be an important determinant of cerebrovascular resilience in the setting of central nervous system ischemia‐reperfusion injury.

Review of the literature offers several clues regarding the potential mechanism(s) underlying SOD3‐dependent protection. Once translated, SOD3 associates with the extracellular matrix, where it reduces the degradation of collagen, hyaluronic acid, and other components that act as damage‐associated molecular patterns stimulating local inflammation and immune recruitment.[28](#jah34074-bib-0028){ref-type="ref"} SOD3 is also released to the systemic circulation, where it associates with the endothelial glycocalyx.[18](#jah34074-bib-0018){ref-type="ref"}, [29](#jah34074-bib-0029){ref-type="ref"}, [30](#jah34074-bib-0030){ref-type="ref"} The glycocalyx is comprised by a meshlike layer of proteoglycans that provides an important barrier function protecting against leukocyte‐endothelial as well as leukocyte‐platelet interactions.[31](#jah34074-bib-0031){ref-type="ref"}, [32](#jah34074-bib-0032){ref-type="ref"} Thus, in addition to reducing local concentrations of free radicals, SOD3 reduces shedding of the glycocalyx that would otherwise externalize the surface adhesion molecules required for leukocyte transmigration.[33](#jah34074-bib-0033){ref-type="ref"}, [34](#jah34074-bib-0034){ref-type="ref"}, [35](#jah34074-bib-0035){ref-type="ref"}

The healthy lung exerts an overall anti‐inflammatory bias on circulating leukocytes and serves a "catch‐and‐release" function filtering primed granulocytes out of circulation and exerting a depriming influence as they traverse the pulmonary vasculature.[13](#jah34074-bib-0013){ref-type="ref"}, [16](#jah34074-bib-0016){ref-type="ref"}, [22](#jah34074-bib-0022){ref-type="ref"}, [36](#jah34074-bib-0036){ref-type="ref"} However, above a critical threshold, it is hypothesized acquired lung injury may short circuit this protective response. For example, using exogenously primed and labeled leukocytes, investigators demonstrated that in acute respiratory distress syndrome PMNs released from the inflamed lung were more activated relative to controls.[13](#jah34074-bib-0013){ref-type="ref"} In the current study, transient global ischemia was alone sufficient to increase PMN transmigration into the lung. However, while circulating PMNs from TgSOD3/3VO mice expressed lower levels of the leukocyte activation marker CD11b relative to 3VO/WT controls, we found no genotype differences in the cumulative number of PMNs found within the lung or brain. While the catch‐and‐release model with associated PMN depriming could explain the observed immune effects in our system, further analyses including radiolabeling strategies are required to definitively address this possibility.

SOD3‐mediated changes in lung inflammation could also alter the polarization of intraluminal PMNs independent of and prior to tissue transmigration. For example, treatment with the peroxisome proliferator--activated receptor‐γ agonist rosiglitazone in a model of focal stroke induced an anti‐inflammatory state in PMNs without altering their transmigration into the stroke bed.[37](#jah34074-bib-0037){ref-type="ref"} Global SOD3 overexpression induces a similar "N2"‐like state in PMNs characterized by lower levels of tumor necrosis factor‐α, reduced cytotoxic potential, and propensity to undergo apoptosis.[38](#jah34074-bib-0038){ref-type="ref"} While we have not yet confirmed the presence of polarization in our model using markers like YM1 and arginase, our data strongly suggest that in the context of ischemic brain damage, a key function of lung SOD3 is to limit peripheral immune priming initiated by central nervous system damage‐associated molecular patterns. That said, it is important to consider that acute brain injury also induces gut dysbiosis and the associated release of bacterial endotoxin.[39](#jah34074-bib-0039){ref-type="ref"}, [40](#jah34074-bib-0040){ref-type="ref"} Given studies from our group and others demonstrating the combined effects of damage‐associated molecular pattern and pathogen‐associated molecular pattern priming postischemic brain injury,[9](#jah34074-bib-0009){ref-type="ref"}, [41](#jah34074-bib-0041){ref-type="ref"} it will be interesting to test whether fluctuations in systemic arterial SOD3 levels exert similar effects on the enteric microvasculature with attendant effects on associated bacterial translocation and endotoxin leak.

The selectivity of the surfactant protein‐C promoter and the immunologically distinct human form of SOD3 provided additional insight regarding potential mechanisms leading to neurovascular protection in our model. While SOD3 has been localized to PMN secretory vesicles,[42](#jah34074-bib-0042){ref-type="ref"} our analyses indicate that the majority of expressed SOD3 was not contained in circulating leukocytes. In addition, both endogenous mouse and human SOD3 protein exhibited an arterial‐venous gradient with the highest levels found within the arterial circulation. The magnitude of the SOD3 A‐V gradient was also less pronounced for mouse SOD3 as compared with hSOD3, which may relate to the fact that the amino acid sequence for human and mouse SOD3 are only 60% homologous. Although not considered a significant driver of its biological activity, it is intriguing to consider that the sequence diversity present in the glycosylated NH~2~‐terminus may govern the adhesive properties and varied distribution in vivo.[30](#jah34074-bib-0030){ref-type="ref"} Although not directly visualized, our findings are consistent with a gradient of SOD3 deposition across the arterial and capillary beds with relative depletion at the venous phase of circulation. As a corollary to this model, without continuous replenishment of SOD3 in the cerebrovasculature, one might expect to find endothelial injury, microvascular thrombosis, and other features associated with the no‐reflow phenomenon elevated in postischemic tissue.[43](#jah34074-bib-0043){ref-type="ref"}

Conclusions {#jah34074-sec-0022}
===========

In the present work, we implicate lung‐neurovascular coupling in the pathological response to transient global cerebral ischemia and demonstrate how manipulation of this pathway via targeted expression of hSOD3 in the lung can produce remote cerebrovascular protection.[20](#jah34074-bib-0020){ref-type="ref"}, [38](#jah34074-bib-0038){ref-type="ref"} Given its position in the cardiovascular system and importance in postischemic systemic immune priming, these studies also frame the lung as a tractable target for therapeutic intervention. We anticipate that our work will stimulate further exploration regarding the role of lung‐neurovascular coupling in related cerebrovascular conditions.

Author Contributions {#jah34074-sec-0024}
====================

Mai, O\'Reilly, Kim, and Halterman participated on model development and experimental design. Mai, Miller‐Rhodes, and Prifti performed the experiments; and Mai analyzed the data with supervision from Halterman. Mai and Halterman wrote the manuscript with input from Miller‐Rhodes, O\'Reilly, and Kim.

Sources of Funding {#jah34074-sec-0025}
==================

This study was supported by grants from the NINDS (R01‐NS092455 to Halterman and F30‐NS092168 to Mai) and NIGMS (T32‐GM007356 to Mai).

Disclosures {#jah34074-sec-0026}
===========

None.

Supporting information
======================

###### 

**Table S1.** Neurological Function Score Criteria. A score of 2 is considered normal for each domain, with a maximum total score of 12

**Table S2.** Antisera and Dilutions for Immunohistochemistry and Western Blots

**Table S3.** *P* Values From Shapiro--Wilk Tests of Raw Data (All) and of Natural Log‐Transformed Data (Lung PMN Infiltration and Alveolar Wall Thickness). Normal distribution is indicated by *P*\>0.05

###### 

Click here for additional data file.

The authors thank Min Yee for her technical assistance and Max Sims for technical assistance and formatting of the manuscript.
